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by John  A. Woollam 
Lewis  Research  Center 
SUMMARY 
The quantum oscillations  in  the Hall effect and  thermoelectric power are studied  in 
two samples of pressure-annealed pyrolytic graphite. Only the oscillations originating 
from  minority  Fermi  surface  carriers  are  discussed.  Frequencies of the  de H a a s  - 
van Alphen  type are measured  over a wide range of angles between the magnetic  field 
and the C axis of the Brillouin zone. The major conclusions a r e  (1) there are at least 
two minority  carriers  in  graphite,  (2)  pyrolytic  and  natural  single  crystals have the 
same  minority  Fermi  surface  sections, (3) both minority  carriers  observed by quantum 
effects  very  likely  originate  from  the  corners of the Brillouin zone near  the H points, 
and (4) under  the  assumption  that the band parameter yo is 2.85  eV we estimate that 
the band parameter A is +O. 008 eV. 
INTRODUCTION 
Crystalline, hexagonal graphite has two sets of Fermi  surfaces.   There are two 
large, or "majority, " sections, one electron  and one hole, which are fairly  well  under- 
stood (refs. 1 to 3 ) .  There are also at least two very  small, or "minority, " sections. 
The nature  (electron or hole)  and  location (in the  Brillouin  zone) of these carriers is 
not  well  understood. 
The first evidence  for  the  existance of minority  carriers  was  from  cyclotron  reso- 
nance experiments (refs. 4 and 5) ,  and from Hall effect studies (refs. 6 and 7). One of 
the first detailed  studies of minority  carriers  was by Soule  on natural  single  crystals 
using the de Haas - van Alphen (DHVA) effect (ref. 8). Later Williamson, Foner, and 
Dresselhaus (ref. 3 )  reported  minority carrier de  Haas - van Alphen frequencies  in both 
pyrolytic and natural single-crystal graphite. Williamson's pyrolytic, and Soule's 
single-crystal  results  were  very  different  from  each  other. 
Both  Soule (ref. 8), and  Williamson,  Foner,  and  Dresselhaus (ref. 3)  studied  the 
dependence of DHVA period on angle  between  the C axis (symbols are defined  in the 
appendix)  and  the  magnetic  field H. In natural  single  crystals Soule found a period of 
I.. 35 tesla-i (1T = 10 kG) for H parallel to C and 0.15 tesla-' for H perpendicular 
to  C. Their periods are plotted against angle in figure 1. The ratio of the two is the 
anistropy  ratio  and is equal to 9. The observation of these  oscillations  for H perpen- 
dicular to C suggested to Soule that the Fermi surface was closed. Anderson, O'Sul- 
livan,  Schirber,  and  Soule (ref. 9)  have confirmed  the  results of Soule on natural  single 
crystals for H parallel to C. 
In pyrolytic graphite Williamson found quite different results. For H parallel to 
C the period was approximately 2.94 tesla-', as shown in figure 1. (The results  re- 
ported  in  ref. 2 were wrong  because of magnet  calibration  error, which was later  cor- 
rected. ) Williamson,  Foner,  and  Dresselhaus  were  only  able  to  observe  oscillations 
out to about 70' from C in the i r  pyrolytic  sample. It was not at all certain if  t h i s  was 
the  same  carrier as that studied by Soule  in a natural  single  crystal. 
Flood (refs. 10  and 11) recently found a minority  period of 0.85*0.20  tesla-'  (see 
fig. 1) for H parallel to C on a pyrolytic sample (sample PG-1) having 300 to 4.2 K 
resistance  ratio of about  unity.  Results on PG-1 to PG-6 are  reported  elsewhere 
(refs. 1, 2, and 12). This period is closer to Soule's single-crystal value (dashed line, 
fig. 1) than that  found in  Williamson's  pyrolytic  sample. 
Since  Soule's  work  (ref.  6) on single  crystals, the very low magnetic  field (nonquan- 
tum oscillatory  region) Hall effect has been  used by Spain to  detect  the  presence of 
minority  carriers  in  pyrolytic  graphite  (ref.  13). Spain observes both minority elec- 
trons and  holes,  depending on temperature. 
In  the  present  report,  minority  carriers are studied by observing  the  oscillations 
(in  magnetic  field)  in the Hall voltage  and  thermopower. Two samples of pressure- 
annealed  pyrolytic  graphite are  studied.  The  periods  are  measured as a function of the 
angle 8 between the magnetic field H and the C axis, where 0 5 8 5 87'. These 
results  are  compared with all previous  data,  and a remarkable  similarity between 
natural  single-crystal  and  pyrolytic  graphite  results is demonstrated.  The  location of 
minority  carriers  in  the  Brillouin zone is discussed,  and  an  estimate of the band param- 
eter A is made. 
2 
THEORY 
Quantum  Oscillations 
The  theory  for quantum oscillations is well  established  and is discussed  in  many 
standard texts (ref. 14). The  effect  results  from  the  quantization of electron  orbital 
motion  in  the  presence of an  applied  magnetic  field.  The  resultant  energy  levels  (Lan- 
dau levels) depend on field  strength. As the  magnetic-field  strength  changes,  the 
Landau levels move through Fermi  surface  boundaries. The familiar  oscillations 
(DHVA) in  magnetic  susceptibility  result.  The  effects of the  Landau  level  crossings of 
the  Fermi  energy on the Hall effect  and  thermoelectric power are not as frequently 
studied. (See, however, ref. 1). Yet, these effects are useful since their amplitudes 
are frequently  sensitive  to  features of the  Fermi  surface, while the  amplitudes of other 
oscillating  effects are not.  Other  reasons  for  studying  transport  effects  are  discussed 
in reference 1. All effects yield the same period P. It is often desirable to express 
the results as a frequency F, where 
1 F = -  
P 
The  frequency F is proportional  to  the  extrema1  cross-sectional area of the  Fermi 
surface  perpendicular  to the magnetic-field  direction. 
The  theory  for quantum oscillations  in the Hall effect  can be  found in  reference 15. 
Thermopower quantum effects are discussed  in  reference 1. 
Band Structure of Graphite 
Majority  carriers. - - A frequently  used  energy band structure of graphite was tal- 
culated by Slonczewski  and  Weiss (ref. 16) and  parameterized by McClure  (ref. 17). 
Results of the  calculation show that energy  levels can be  determined when the  following 
parameters  in  the band structure  theory are found experimentally: 
yo = 2.85 eV 
y1 = 0.31 eV 
y2 = -0.0185 eV 
3 
y3 = 0.29  eV ( 2 4  
yq = 0.18  eV (2e) 
y5 = -0.0183 eV  (2f) 
A = 0.025 eV (2g) 
The  values  quoted  have  been  principally  determined  from  circularly  polarized  mag- 
netoreflection  and  the  de Haas - van Alphen effect  measurements  (refs. 3 and 18). 
The y ' s  determine the carrier effective mass, the extremal areas, and the DHVA 
period anistropy ratios. Conversely, the yfs are partially determined from experi- 
mental  measurements of these  quantities. 
Minority  carriers. - There have been several  suggestions as to the location of 
minority  carriers  in  the  Brillouin zone. The  majority  carrier  Fermi  surfaces  are 
shown in  figure 2, along  with  possible  minority  carriers.  The  hexagonal  "pill box" 
Brillouin zone of graphite is shown with Fermi  surfaces  drawn on only one of the  verti- 
cal edges. These surfaces would actually be present on all edges. Noziere (ref. 19) 
suggested that minority  carriers could be formed by strong  trigonal  warping of the 
majority  electron  surfaces.  This is the  origin of the three  minority  electron  sections 
pictured in figure 2.  However, strong trigonal warping implies a large value of y 3 .  
In order  to  produce  the  separate  minority  carriers hown in  figure 2 the band parameter 
y3 would have to be at least  three  times  larger  than  the  value  listed  in  equation (2d). 
Therefore,  the  existence of these  sections is doubtful. 
Williamson,  Foner,  and  Dresselhaus  (ref. 3 )  suggested that the  surfaces  near  the 
points H (fig. 2)  were the origin of their observations (large period in fig. 1). At H 
there   are  two extremal  areas which  could give rise  to quantum  oscillations  denoted by 
cy and p in figure 2. The smaller area,  0, shown as an ellipsoid would have the larger 
period. The outer section 0 is actually part of the majority carrier holes, but the 
extremal  area  near  the  edge of the zone gives  rise  to  minority  carrier  effects. Both 
sections  are  holes 
Weiss band model 
The  cross-sectional  areas  can be 
(ref. 16) as follows: 
(EF - A )  
A = 4xEF m 2 2  
3 a ~ ~ ~  
estimated  from  the  Slonczewski- 
(3 1 
where EF  is the  Fermi  energy, a. is the lattice spacing in the plane perpendicular to 
C, Am is the  extremal  area  perpendicular  to  the  C axis with no spin-orbit interaction. 
4 
I' 
Spin-orbit coupling produces  two  quantum  oscillation  frequencies by changing  equation 
(3) by an  amount 
EXPERIMENTAL PROCEDURE 
The  samples  (provided by Dr. A. W. Moore)  used  in  the  present  experiments were 
made by stress annealing  pyrolytic  graphite.  These  samples  are  polycrystalline but 
with individual  grains  alined, with C axes having a 2' half-width about a common direc- 
tion.  The  ratio of 300 to 4 K resistance was 1.5  for PG-3 and  approximately 4 for PG-6. 
The Hall effect  measurements  were  made on PG-6 after  shaping the sample with a 
sand  erosion  cutter  into a long bar with small   tabs on the  sides  for  leads.  Constant 
current was provided  in  the  basal  plane,  and  voltage was measured with a  nanovolt am- 
plifier, as illustrated  in  figure 3 .  
The adiabatic  thermopower  (ref. 1) was measured with constant  heat  input  to one 
end of the  sample. A similar  tab  arrangement was  used for attaching leads. Voltages 
were  measured having a typical  noise  level of 0.1  microvolt. 
Measurements  were  made  in  two  magnets.  The first magnet  used was a supercon- 
ducting  split  pair,  providing 4 . 0  teslas (1 T = 10 kG) in a transverse  configuration. The 
second  magnet was a superconducting  solenoid  having a maximum  field of 10.5 teslas. 
An insert  Dewar for this magnet  permitted pumping  helium to 1 . 0  K in a 0.054-meter- 
(2.5-in. - )  diameter  test  region.  Fields  were  measured  in  the  solenoid by using  a  mag- 
netoresistor  calibrated with nuclear magnetic resonance. In the  split  pair  magnet,  the 
field was measured by integrating  the  induced  voltage  produced by the  sweeping  field. 
RESULTS 
Thermopower in Sample PG-3 
In figure 4 the thermopower  in  sample PG-3 is plotted as a function of magnetic 
field at 1 .2  K for H 10' from the C axis. The majority carrier oscillations are 
superimposed on the  lower  frequency  minority  carrier  oscillations.  The  majority  car- 
rier thermopower  effects are discussed  extensively  in  references 1 and 2. In figure 4 
the  minority  extrema are marked by arrows.  The  minority  carrier  oscillations could 
easily be  followed to  large  angles  between  the  magnetic  field  and  the  C axis because 
5 
their  ampIitudes do  not die  out as rapidly  with  angle as do the  majority  carrier  oscilla- 
tions. For example, at 8 = 75O, there are 10 minority carrier extrema observable 
below 2.0 teslas (20 kG) but  only  two or three  majority  carrier  oscillations.  The 
thermopower  minority DHVA periods were measured  out  to 8 = 80°, and  these  are 
plotted in figure 1. Our pyrolytic periods are, within experimental  error,  the  same as 
Soule's  natural  single-crystal  periods. 
gets F = 0.34*0.015 tesla or a period of approximately  3.0*0.1 tesla-'. As is visible 
from  figure 1, these  results  are quite  different  from  the  results on natural  single  crys- 
tals and  the  pyrolytic  results  presented  in this report. 
Williamson's results on a pyrolytic sample are plotted in figure 1. At 8 = 0 he 
Hall Effect in Sample PG-6 
The Hall effect p in a second sample, PG-6, was studied extensively for minor- 
ity  carrier  effects. It is also a pressure-annealed  pyrolytic  sample having a resistance 
ratio RQOOK to R4. 2K of 3.5. In th i s  sample the minority carrier effects could be 
seen to 8 = 87'. The magnetoresistance p anisotropy was used to locate accurately 
the angles close to 8 = 90'. In figure 5, the magnetoresistance is plotted as a function 
of angle at a field of 10.2 teslas (102 kG). At 8 = 90' there is a sharp minimum which 
was used to locate 8 = 90' to within *1/4O. 
netic  field are shown in  figure 6 for 8 = 7'. At low fields the minority  carrier  oscil- 
lations  dominated.  The  majority  carrier  oscillations  were not visible below about 
4  teslas.  For 8 greater than 80' there were no majority carrier oscillations present 
in  fields  to  10  teslas. 
Yx 
YY 
Examples of the  minority  oscillations  in  the Hall resistance as a  function of mag- 
The Hall effect results on PG-6 are shown in figure 1. For 8 between 80' and 90' 
the quantum oscillation  results as a function of angle are  better  seen as plots of fre- 
quency  than as plots of period. In figure 7 the Hall frequencies  in  PG-6 a re  plotted as a 
function of angle. If the  originating  Fermi  surface  were a cylinder,  then  the  frequency 
would be 
F = F(0)sec 0 (5 1 
where F(0) was measured at 8 = 0 to be 0.9*0.1 tesla. Equation (5) is plotted in fig- 
ure  7 assuming F(0) = 0.6 tesla, F(0) = 1 . 2  teslas, and F(0) = 0.9 tesla. The value 
F(0) = 0.9 tesla appears  to fit the data best.  Thus  the data can be fitted, within exper- 
imental  error,  to  the  equation 
F = 0.9  sec 8 (6) 
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for 8 between 0' and 87'. This suggests that the  Fermi  surface is an extremely 
elongated ellipsoid. The frequency ratio is 
and it increases  rapidly with increasing 8. 
INTERPRETATION AND  DISCUSSION 
In figure 1 there is close  agreement between  the  data  from two independent  natural 
single  crystals  and two independent  pyrolytic  samples. A third  pyrolytic  (Flood's)  gives 
near  agreement.  This  indicates that both  pyrolytic  and  natural  single  crystals.  have  the 
same  minority  Fermi  surface  pocket of carr iers .  Since  the  band  structure  depends 
sensitively on minority  carriers, this suggests that the two  band structures  are  very 
nearly  the  same. 
That  Williamson's  results  in a pyrolytic  sample  are s o  different  indicates that 
(1) there   are  two distinct  pockets of minority  carriers,  and he is observing  the  other 
one, or (2) his pyrolytic sample has dissolved  impurities  in it. There is evidence for 
conclusion (1) in  the  results of Soule (ref. 8) and  in  some  unpublished  single-crystal 
results of Williamson,  where  both  authors  report  seeing two de Haas - van  Alphen fre- 
quencies.  Conclusion (2) is possible  because a minority  pocket  size will change  rapidly 
with doping, as shown by Soule (ref. 6). Soule's doping by boron  reduced  the  period, 
whereas  the  period would have to be increased  to  explain  Williamson's  results. 
The  three  electron  carriers shown opposite the K point  in  figure 2 a r e  probably 
not being  observed in  the  present  experiments  for  the following reasons: The extreme 
anisotropy of DHVA frequencies with angle  observed  in PG-6 is probably  too  large. It 
would take y3 = 0.9  eV  (refs. 8 and  19), which is three  times  larger  than  magnetore- 
flection  results  (ref. 18) indicate  for this parameter. 
The  other  possible  location of minority  carriers is near the points H in  the  Bril- 
louin zone (see fig. 2). With spin-orbit coupling included, there will be two minority 
sections near H as shown and discussed earlier. Since the majority carriers near this 
point are hole carr iers ,  the minority  carriers will both be holes. In fact, one of the 
minority  sections is a narrow  part of the  majority  surface. Being  an  extrema1  cross 
section, it will give r ise   to  a low-frequency oscillation. This section (call it CY) will be 
extremely  anisotropic  in  cross-sectional  area.  For 8 = 90' this will have a frequency 
of approximately  twice  the  majority hole frequency,  assuming no magnetic  breakdown. 
From Soule, McClure,  and  Smith's  (ref. 20) majority  carrier  data, th i s  frequency will 
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be 133 teslas. From our results on PG-6, the frequency for 0 = 0 is 0.9 tesla. Thus, 
the  anisotropy  ratio  for  the (Y minority  carrier is expected to  be  approximately 
F(O = 90') 
F(O = 0') 
= 148 
with  no  magnetic  breakdown, or 74  with  breakdown  present. 
As discussed by Williamson,  Foner,  and  Dresselhaus (ref. 3)  the  expected  anisot- 
ropy  ratio  for  the  small,  ellipsoid (6)  is expected  to be 2.3.  Since we find  that  the 
ratio is greater  than 13  and still increasing with  angle  for PG-6, it is concluded that we 
have observed the (Y minority carrier. 
We conclude that  Williamson's  very low frequency  (greater  period)  observations  in 
pyrolytic graphite originated from the surface. His observed anisotropy ratio of 
1.9*:: 51 is close  to that predicted  for  this  section.  Williamson's  de Haas - van Alphen 
frequency  was  also  small  and  indicated a smaller  cross-sectional area than  the cy 
section. 
The  expected  cross-sectional  area of the  minority  carriers  near  the H points  can 
be  estimated by using  equation  (3).  Using  the  parameters of equation (2) the  area is 
7.3X10 meter-2, which corresponds to a period of 1.3 tesla-'. This is within a factor 
of 2 of the  observed  values, which is a reasonable  proportion  since  the  calculation is 
sensitive to the value of A used. There have been a wide range of estimates for A 
(see ref. 3, for example). 
McClure  and  Yafet  (ref. 21) estimated  the  spin-orbit coupling  constant  to be 
h - 2X10-4 eV, and recent spin splitting data (refs. 12 and 22) show that h is less 
than  eV.  (McClure  has  made a detailed  analysis  (including y3 effects) of the  data 
of ref. 9 and also concludes that  X is less than eV. ) From equation (4) the shifts 
in frequency are less than 1 percent for X = eV. Thus, the factor of 2 separation 
i n  periods shown in  figure 1 is not due to  spin-orbit coupling  alone.  Tsukada  and 
Uemura  (unpublished  data) have  shown that  stacking  faults  in  the  crystal could  have 
effects  similar  to, but much larger than, spin-orbit coupling. The effect would be to 
separate  the  frequencies  and  produce  two  independent  branches as shown in  figure 1. 
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The  lower  period  branch  shown  in  figure 1 was the  dominant  carrier  seen by Soule, 
and  his  data  overlap  the  PG-3  and  PG-6 data in  both  magnitude  and  angular  dependence 
out to  0 = 80'. This is most likely the cy section. His second frequency is roughly 
the same as observed by Williamson (see fig. 1) and would be from the p section. The 
only unexplained  feature of this assignment is the  anisotropy  ratio. In PG-6 the  anisot- 
ropy  ratio was greater  than  13 at 0 = 87' and could become very large at 0 = 90'. 
Soule's  ratio was 9 at 0 = 90°, and this  ratio is much  smaller  than  expected  for  the (Y 
surface.  This is the only  discrepancy we can  find  in  the  assignment of the  two  period 
8 
branches of figure 2 to the a and 0 sections. Soule has pointed out (unpublished data) 
that the  discrepancy could be explained  by a very  small  angle between the  rotation  planes 
in which 0 is measured. 
With the a and assignment then, the frequency which would result if  there were 
no stacking faults or spin-orbit coupling would be 0.467 tesla. Two estimates of A can 
be made from equation (3): If yo = 2.85 eV (ref. 18), then A = +O. 008 eV. If yo = 
3.18 eV (ref. 3), then A = +O. 016 eV. 
CONCLUSIONS 
Quantum  oscillation  frequencies  were  studied by using  the  thermoelectric power 
and  Hall  effect  for two  independent samples of pressure-annealed  pyrolytic  graphite. 
These  frequencies  were  obtained  over a wide range of angles between the  magnetic  field 
and the C axis. From the present experiments and from the results of previous 
workers,  there are four  major  conclusions: 
1.  There are at least two minority carrier sections of the  Fermi  surface  in  graphite. 
2.  Pyrolytic  and  single-crystal  graphite have the same  minority  Fermi  surface 
sections. 
3 .  Both minority  sections  very  likely  originate  from the corners of the  Brillouin 
zone, near the H points. 
4. The band parameter A is +O. 008 eV i f  we assume the band parameter yo is 
2.85 eV. 
Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 
Cleveland, Ohio, May 28, 1971, 
129-02. 
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APPENDIX - SYMBOLS 
4n 
C 
C 
EF 
e 
F 
6F 
F a  
FP 
H 
H, K 
5 
m 
P 
pa, 
CY 
P 
x 
extrema1  cross-sectional area of minority  carrier  Fermi 
surface 
axis parallel  to  hexagonal (0001) axis of Brillouin  zone 
speed of light 
Fermi  energy 
electronic  charge 
de Haas - van Alphen frequency, 1/P 
change  in  de  Haas - van  Alphen  frequency 
frequency of a surface 
frequency of p surface 
magnetic  field 
points  in  Brillouin zone 
Planck‘s constant/2n 
free  electron  mass 
de Haas - van Alphen period, 1/F 
period of a and P sections 
minority  section with larger frequency located at H points 
of Brillouin  zone 
minority  section with lower frequency located at H points 
of Brillouin zone 
parameters of band structure  theory 
angle between C and magnetic field H 
spin-orbit  splitting  energy 
Bohr magneton 
10 
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Figure 1. - de Haas - van  Alphen  pericdsas  function of 
angle between magnetic field and C axis.  Some 
error bars omitted for clarity. Figure summarizes 
data on  four  pyrolytic  and  two  natural  single-crystal 
samples. Single crystal, SC; pyrolytic graphite, 
PG pyro. 
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Figure 2. - Majority,  and  possible  minority  carrier  Fermi  surfaces of graphite  and  Bril louin zone. 
Identical  Fermi  surfaces, located along  the  five  other  Brillouin  zone  edgesare  omitted  for  clarity. 
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Figure 3. - Sample geometry for  Hall  effect  and  thermopower  measurements. 
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Figure 4. - Thermoelectric  power as funct ion of  magnetic  field (1 t = 10 kG)  
at 1.2 K in PG-3. Minority extrema marked by arrows; magnetic field 
loo from c axis. 
Angle between field and C axis, deg 
Figure 5. - Magnetoresistance as funct ion of angle between field and C axis. 
Plot  used to locate  accurately  perpendicularity t o  C axis; magnetoresistance 
of PG-6, 10.2 teslas. 
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Figure 6. - Hall resistivity pyx ,as funct ion of magnetic field at 1. 1 K with 
ma netic field 77O from C axls. PG-6 pyrolytic graphite; magnetic field 
77 from C axis. d 
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Figure 7. - Quantum  oscil lation  frequency  asfunction of angle 
between magnetic field and C axis for PG-6. 
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